A method for the determination of methemoglobin in the presence of other hemoglobin subforms (i.e., oxy-, deoxy-, and carboxyhemoglobin) by use of derivative spectrophotometry is proposed. The method, which uses the first-derivative of the spectrum at 645 nm, is straightforward and expeditious, so it is of special interest to forensic toxicology laboratories as it allows the simultaneous determination of the methemoglobin saturation percentage and the hemoglobin concentration. This facilitates interpretation of the results and provides a better understanding of the significance of methemoglobin saturation in specific cases. Based on an analysis of interferences, the presence of other hemoglobin subforms or of endogenous components of plasma does not detract in any way from the performance of the method.
Introduction
Methemoglobinemia is a pathological condition in which iron in hemoglobin is in its tervalent oxidation state (Fe 3 § rather than its divalent one (Fe2 § this results in the formation of a hemoglobin subform that is unfit for transporting oxygen. Methemoglobin in blood can originate from in vivo exposure to oxidants (1) (2) (3) , which gives rise to a variably serious picture of tissue hypoxia, from heating of blood (e.g., in charred bodies) (4) or even from specific storage conditions (e.g., refrigeration, freezing) (5) (6) (7) (8) .
In any case, determinations of methemoglobin are relatively commonplace and useful to toxicological laboratories, so a need exists for simple and reliable analytical methods for the identification and quantitation of this hemoglobin subform in blood. A large number of methods for this purpose have so far been reported, the most common of which involve spectrophotometric multicomponent analysis (9) (10) (11) .
This paper reports a method for the determination of methemoglobin in the presence of the hemoglobin subforms most frequently found in blood (i.e., oxyhemoglobin, deoxyhemoglobin, and carboxyhemoglobin). The method uses the first derivative of the absorption spectrum for the sample. Potential interferences from other frequently reported components including bilirubin, lipids, and Methylene Blue (a therapeutic agent for methemoglobin) were investigated. The method allows one to determine the methemoglobin saturation percentage and the total amount of hemoglobin, which facilitates interpretation of the analytical results.
Experimental

Apparatus
A PerkinElmer Lambda 2 ultraviolet-visible (UV-VIS) spectrophotometer interfaced to a computer running the software PECCS, which affords direct acquisition of analytical data and storage of spectra, was used. Glass cuvettes of 1-cm light path and distilled water as sample blank were employed. An Izasa STKS autoanalyzer was used to determine hemoglobin.
Samples
The samples studied consisted of fresh blood collected in Venoject tubes (Terumo) containing EDTA as anticoagulant. All were obtained from the Biochemistry Laboratory of the Galician General Hospital.
Reagents
The reagents used included pure oxygen, carbon monoxide, and nitrogen (all obtained from Air Liquide); a 13% hemoglobin standard supplied by the Biochemistry Laboratory of the Galician General Hospital; a 5-mg/dL standard of bilirubin from Bayer; potassium ferricyanide [K3Fe(CN)6], sodium dithionite (Na2S204) , crystalline sodium nitrite (NaNO3), Methylene Blue for microscopy (16316), 37% hydrochloric acid, and sodium hydroxide from Merck.
Methods
Preparation of standards
Oxyhemoglobin (OxyHb), deoxyhemoglobin (DeoxyHb), carboxyhemoglobin (COHb), and methemoglobin (MetHb) standards were prepared from a stock standard containing 13 g% of hemoglobin. Following dilution to 1% (v/v) in distilled water, a 100% saturated solution of oxyhemoglobin was obtained by bubbling oxygen for 10 min, excess O2 being removed by bubbling N2 for 5 rain. The resulting solution was used to make the following four aliquots: aliquot A, which consisted of oxyhemoglobin; aliquot B (deoxyhemoglobin), which was obtained by adding sodium nitrite; aliquot C (carboxyhemoglobin), which was prepared by bubbling CO for 5 rain, followed by N2 to remove excess gas from the solution; and aliquot D (methemoglobin), which was obtained by oversaturation with potassium ferricyanide.
Recording of spectra
Absorbance and derivative spectra (D1, D2, and D3) for the pure standards were recorded in order to determine the best spectrophotometric conditions for the determination of methe- moglobin in the presence of other hemoglobin subforms. Finally, the quantitative study in the first-derivative mode (D1) , between 700 and 500 nm, was done.
Procedures
Determination of the methemoglobin saturation percentage. Following dilution of the 13 g% hemoglobin (Hb) standard to 1% in distilled water and 100% saturation with oxygen, the following two working standards were prepared: standard A, which contained 1.3 mg/mL MetHb (following saturation with potassium ferricyanide) and standard B, which contained 1.3 mg/mL OxyHb.
Mixtures of the previous two standards in appropriate proportions gave the solutions listed in Table I , which contained increasing amounts of MetHb but the same concentration of Hb.
Determination of the total hemoglobin concentration. The 13 g% hemoglobin standard was used to prepare another standard, C, containing 2.6 mg/mL methemoglobin (i.e., 100% MetHb). By appropriate dilution, the solutions listed in Table II , Which contained variable concentrations of MetHb, were prepared.
Study of interferences
The interferences examined were those of the other hemoglobin subforms, potassium ferricyanide, other plasma components, and even a therapeutic agent used to treat methemoglobinemia (Methylene Blue).
Results and Discussion
Distilled water was used as the blood diluting medium because it was found to provide stable solutions while resulting in osmotic lysis of red cells. In addition, aqueous solutions are easier to handle than those used by other authors (e.g., phosphate buffer, Sterox-E). A 1% dilution was found to be the most effective with a view to examining the spectrophotometric absorption band on which the Study was based. Higher dilutions resulted in decreased absorbance, and lower ones distorted the band of interest. Other authors (12, 13) use dilutions as high as 1:1000; this entails operating at lower wavelengths (405-425 nm), where the hemoglobin molecule exhibits a much higher absorbance. Figures 1 and 2 show the absorbance spectra for OxyHb, COHb, DeoxyHb, and MetHb, and their first derivatives over the range 500-700 nm, respectively. Notwithstanding the strong overlap of bands in the absorbance spectra (Figure 1 ), only MetHb absorbs at 645 nm (D1), with a positive peak that is not affected by the other components ( Figure 2 ). Some authors (12) use the band at approximately 400 nm (Soret region) to quantitate MetHb because its absorbance is 50 times higher than in the 630 nm region. We discarded this region because of the strong overlap between the spectra for the different hemoglobin subforms. In addition, some of the substances studied (e.g., bilirubin, which exhibits an absorbance peak at 450 nm) might also have interfered in this region.
As can be seen from the spectra of Figure 3 and the data of Table III, The precision of the method was studied at three different MetHb levels (i.e., 20, 55, and 100%). The coefficient of variation never exceeded 2.92 (n = 25).
The limit of detection could not be determined as all samples contained some methemoglobin. Instead, the basal MetHb percentage was determined in 79 samples from blood donors and found to be 0.5% (SD = 0.0234).
At a given MetHb saturation percentage, peak D 1 was proportional to the hemoglobin concentration. This is clearly apparent from Figure 4 and Table IV , which show the 1D645nm values for solutions of increasing concentrations of Hb 100% saturated with MetHb (the solutions in Table II) .
The corresponding linear regression equation for the hemoglobin concentration (g/dL) versus ]D64snm plot is Y2 = 0.1999;(2 + 0.08 (r = 0.9999) where )'2 is the ]D64snm value and)(2 the real hemoglobin concentration (g/dL) in the sample concerned.
The results were compared with those provided by a Coulter STKS autoanalyzer for 15 fresh blood samples from donors. Table V lists the hemoglobin concentrations provided by the proposed method (rightmost column) and those obtained with the method used by the Clinical Analysis Laboratory (central column). As can be seen from Figure 5 , the results of both methods are linearly correlated. The proposed method allows one not only to determine the proportion of methemoglobin but also to calculate the real concentration of hemoglobin in each sample and hence predict the functional implications of such a proportion in specific cases. This can be used to determine total hemoglobin in toxicological laboratories, where an autoanalyzer is rarely available. In addition, the proposed method surpasses the standard methods based on the addition of KCN typically used by clinical laboratories; in fact, it avoids the use of this reagent and hence its toxic effects.
In practice, processing an unknown sample by using the proposed method involves the step sequence depicted in Scheme I.
The proportion of MetHb, X, can be calculated from a simple rule of three: The hemoglobin concentration in the working solution can be calculated by substituting the value of B into Eq. Scheme L Procedure used to calculate the MetHb and Hb contents in a real sample.
Interferences
Other hemoglobin subforms. Any spectral interference from carboxyhemoglobin, oxyhemoglobin, or deoxyhemoglobin was discarded earlier in establishing the most suitable operating conditions. As can be seen from Figure 2 , which shows the D 1-spectra for these hemoglobin subforms and that for methemoglobin, the spectra for COI-Ib, OxyHb, and DeoxyHb do not interfere with the determination of MetHb based on the first derivative of the spectra in the region of interest (645 nm). This was why parameter 1DB45nm was chosen to quantitate MetHb.
Potassium ferricyanide. Because potassium ferricyanide gives colored aqueous solutions, it is essential to obtain their spectra in order to discard potential interferences with the measurement of MetHb as it is used to saturate samples in the proposed method. A potassium ferricyanide solution at the usual concentration (10 mg/mL) did not interfere with the determination of MetHb as its Dl-spectrum was fiat in the measuring region (645 nm).
Bilirubin. In order to determine the potential interference of bilirubin with the determination of MetHb from D], a solution containing a bilirubin concentration equivalent to that in blood from a patient with severe jaundice (22 mg/dL) was prepared and its spectrum recorded. Although the D1 spectrum exhibits a relatively strong peak in the band at 500 nm (specifically, at approximately 480 nm), its is virtually fiat between 500 and 700 nm. We quantitated the potential interference by adding increasing concentrations of bilirubin from 0 to 50 mg/dL to a blood sample with a basal MetHb concentration of 0.5%. The interference was found to be quite weak at bilirubin concentrations up to 40 mg/dL, which increased the MetHb saturation percentage to 0.8%. Above such a concentration, the interference was substantial (e.g., it raised the MetHb saturation percentage to 1.2% at 50 mg/dL). According to Zwart et al. (10) , the strongest interferences are observed in blood with a high proportion of Hb F, which often contains a high enough bilirubin concentration to simulate an appreciable proportion of MetHb. The difficulty of obtaining specimens of this type prevented us from confirming this assertion except in fetal blood, which exhibited no signs of interference.
Methylene Blue. It was important to establish the potential influence of Methylene Blue on the determination of the hemoglobin subforms studied as this dye is the treatment of choice for methemoglobinemia, so the need frequently exists to measure one substance in the presence of the other. To some authors (13) , the presence of Methylene Blue can result in significant errors in the conventional spectrophotometric determination of MetHb. The D1 spectrum for an aqueous solution of Methylene Blue at over the wavelength range 500-700 nm was found to exhibit a maximum at 679 nm and a minimum at 645 nm that bore a more or less constant relationship to each other. This suggests that Methylene Blue interferes severely with the determination of methemoglobin. However, taking into account that therapeutic dose of the dye is 1-2 mg/kg, its concentration will normally lie below 28 mg/mL. No significant interference was observed over the concentration range tested (0-50 mg/mL) as the increase in the MetHb saturation percentage never exceeded 0.2%.
Effect of turbidity.
In order to determine the potential influence of turbidity on the determination of methemoglobin, serum with a high triglyceride concentration was supplied to diluted blood at increasing concentrations from 0 to 3075 mg/dL. Interferences were found to be significant above a triglyceride concentration of 800 mg/dL---equivalent of a high sample opacity--which caused the percent MetHb saturation to rise to 1%; in fact, a 3000-mg/dL concentration simulated a MetHb saturation of 5.5%. We should note, however, that normal triglyceride levels in blood are below 160 mg/dL and that concentrations above 300 mg/dL are definitely pathological.
Conclusions
The proposed spectrophotometric method, based on the first derivative of the spectrum at 645 nm, allows the determination of the methemoglobin saturation percentage and the total hemoglobin concentration in the sample. This affords better interpretation of the analytical results because it allows the absolute amount of functional hemoglobin in an individual to be determined. Based on the results, neither the presence of other hemoglobin subforms nor that of endogenous plasma components (bilirubin and triglycerides) or even therapeutic agents such as Methylene Blue interferes with the proposed method.
